In this work we address the problem of information access that arises in the field of threedimensional structure determination, by means of image processing, from data obtained by various types of microscopy. A prototype of a distributed database containing three-dimensional structural information is presented. In this database the volume information is linked, if possible, to other sources of catalogued information such as sequence data, atomic coordinates, and bibliographies. The solution we propose is sufficiently general to be applicable to data in other fields of biomedical science.
INTRODUCTION
Three-dimensional (3D) representations of biological objects in molecular and cell biology are produced by a variety of microscopic imaging techniques, with resolutions ranging from a few Ång-ströms to a few tenths of a micrometer. Among these we note the different forms of electron microscopy (flood-beam transmission at different voltages and scanning transmission), confocal microscopy, and optical sectioning by deconvolution, as well as the different types of scanning probe microscopies.
The final result of these imaging techniques is in the form of discrete data representing the spatial distribution of several measured physical quantities within a volume (alternatively, and in relation to techniques such as scanning probe microscopy, we refer to representations of the 3D topography of the specimen). We speak of a 3D image or a 3D map. Hence, the most important common feature is the digital point-for-point representation of an object volume. Another common characteristic (which is shared with many other experimental results in modern biology) is that the information contained in the data cannot be fully exploited unless it is linked with other sources of information. An obvious candidate in the case of high-resolution studies is, for instance, information on the sequence of the proteins that form a given macrolecular complex.
There is currently a proliferation of volume data, but no agreed way to interrelate or share them. On the other hand, the traditional dissemination of results, i.e., through scientific journals, can only convey a few selected aspects of a 3D image. As a consequence, many opportunities of ''data mining,'' a process by which the data are examined in different research contexts, are lost. In a way we are in a situation similar to that of the community of X-ray crystallographers in 1977, before the introduction of the Protein Data Bank (PDB), where atomic coordinates are stored in a standardized way (Bernstein et al., 1977) .
These considerations have prompted us to propose the creation of a database of 3D data from all types of microscopy. We will refer to it briefly as the ''3D Density Data Base.'' This article describes the first working prototype. Brief presentations of the prototype and the underlying concepts have been made elsewhere Marabini et al., 1994) . At the present stage, the prototype should be seen as a test bed that allows a number of possible development avenues to be explored. We hope that the interaction with interested scientists and with institutions in custody of existing databases will lead to a consensus on such questions as format, contents, distribution, and means of access, so that a generally useful solution may emerge.
3D MICROSCOPY IN STRUCTURAL BIOLOGY: ROLE OF THE PROPOSED 3D DENSITY DATA BASE
To come to an understanding of complex biological systems, we need to integrate data from many different sources. The main reason is the large range of dimensions encountered in a biological system, which cannot be covered by any single instrument or physical imaging technique. The size of this range, the different modalities of imaging, and the vastly different rates of data collection pose unique problems nowhere else found in database design. For example, light microscopes acquire 3D data directly at video rate over fields of some 50 m, while electron microscopes are capable of revealing the static structure of a protein at atomic resolution. To appreciate the difference in the collection rates, one must bear in mind that the latter approach involves a laborious process of sample preparation, data recording, and digital image processing, resulting in a single 3D volume.
To date, the only examples for quantitative data links involving 3D density distributions are those between atomic structures obtained by X-ray crystallography, on the one hand, and electron microscopy (Rayment et al., 1993; Stewart et al., 1993; Bremer et al., 1994; Boisset et al., 1995; Frank et al., 1995) or atomic force microscopy (Schabert et al., 1995) . In each case, the combination of different types of data has advanced our understanding of a complex system: the interaction between actin and myosin in the skeletal muscle (Rayment et al., 1993) ; the formation of a virus capsid from its subunits (Stewart et al., 1993) ; the interaction between antibody fragments and a large oligomeric protein (Boisset et al., 1995) ; the interaction between transfer RNAs with the ribosome during translation ; and the protein-lipid interaction (Schabert et al., 1995) .
These examples illustrate the advantage that can be gained through wide accessibility of 3D densities from microscopy: many new paradigms involving comparisons with the large reservoir of structures, for which atomic coordinates are available, can be explored by a much wider group of specialists. The examples also show the importance of tools for visualization, docking, and more complex quantitative analysis in exploiting the information contained within the 3D microscopy data. The remainder of this section will focus on the development of these tools which are the crucial importance in the ''mining'' of the data that would be available in the publicly accessible archive.
Three-dimensional hardware and software have experienced substantial progress, but further improvements are required for the task outlined here. While simple atomic models can be displayed and rotated in real time, surface rendering of volume density data is highly computation-intensive and therefore slow. A recent optimization of the marching cube algorithm has provided the speed to allow complex 3D structures to be isocontoured and displayed in real time (Henn et al., 1996) . Fast adaptation of the contour level, fast rotation, and quantitative volumetric measurements have been key to an in-depth analysis of the atomic model of F-actin (Bremer et al., 1994) . The same computational tools have been used to assemble an atomic model of a 2D membrane protein crystal reconstituted in the presence of phospholipids (Schabert et al., 1995) .
Molecular surfaces calculated from the atomic coordinates can thus be fitted in 3D to the supramolecular surfaces determined with microscopic techniques in order to create an atomic model of the supramolecular assembly. Of interest, however, is also how these molecules interact. This can often be deduced from their surface properties which, in turn, can be calculated from the atomic coordinates. It is then instructive to color-code the isosurface with properties such as the hydrophobicity, or the surface charge, as can efficiently be achieved with texture mapping (Henn et al., 1996) .
While the tools identified here have been used in several laboratories, they still are in a prototype state. But the examples mentioned here and other applications have prompted the development of an open high-level language for 3D visualization which will incorporate the conventional tools for rendering atomic structures as well as the new tools for representing and analyzing volume data (Henn et al., 1996) .
PRESENT ORGANIZATION OF THE DATA
It is clear that, to be useful, the data themselves (i.e., the digital representation of the density distribution within a circumscribed volume) have to be accompanied by additional information. This additional information is in part descriptive, detailing the experimental methods and processing techniques that were used to obtain the volume, and in part referential, pointing to bibliographic sources.
At the present stage of the prototype development, we have addressed the issue of the appropriate textual information required to define the data. Additionally, links to other pieces of information have been provided, whenever they could be implemented in a textual way. The more general and complex issue of nontextual links has been postponed to future stages of development.
In the implementation described in this work, the textual information and the image/volume data that it refers to are separated into two files, with the link being provided by the text file itself. This link is accomplished by the introduction of a number of specially coded sentences into the text file.
Text File Description
The textual information is organized into keyed fields according to an agreed-on dictionary. In this way one can formulate complex queries to the database by interrelating the contents of the different fields. Additionally, to provide a means for integration of information from different sources, explicit links to existing databases are provided.
An example of a text file accompanying data obtained by the 3D reconstruction of macromolecules is accessible at the Universal Resource Locator (URL) http://www.cnb.uam.es/www/paper/DB/ JSBFig1.gif. It relates to one of the structures that one of our groups is working on, the DnaB helicase from Escherichia coli (San Martin et al., 1995) . A close examination of the information contained in this text file exemplifies the type of information that is being made accessible in the new database. There are three important organizational features that will be readily noticed.
The first is that each field starts with a two-letter code followed by a blank and that the code is meant to be a short mnemonic description of the contents of the field. The use of this kind of code is common in other biological databases such as the Protein Data Bank (Bernstein et al., 1977) .
The second feature is that links to other sources of information are explicitly provided. This is accomplished through the use of a specially coded ''DR'' (Data Relations) field, which gives the name of the other database, plus the entry number associated with the piece of information to be linked. For the case of the low-resolution 3D structure of DnaB, we are providing links to the sequence of the gene coding for each monomer (link to EMBL database, entry No. K01174), to the sequence of the protein itself (link to SWISS-PROT database, entry No. P03005), and to the pertinent bibliographic source where the structure was first reported through the MedLine data base. Certainly, links to other databases, such as crystallographic databases, could also be provided, although for this particular case there is as yet no information on the atomic structure of the monomer.
The third feature is the presence of fields, at the bottom of the text file, with a convoluted syntax. These are not related to the data themselves, but to the method of data storage and database querying that we have devised in this prototype, which will be described below.
Volume Data File Description
As to the precise data format in which the volume data are to be kept, two considerations are important.
First, the data representation format (i.e., the coding of each image element) must be machine-independent, and hence, all sharable data must be reformatted to one agreed-on format. The machineindependent representation that we have chosen for this prototype development is the well-known hdf format (hdf stands for hierarchical data format; see NCSA HDF Calling Interfaces and Utilities, 1989).
The second consideration concerns the internal structure of the data; i.e., the way in which the three-dimensional volume in its entirety is represented. To simplify this problem, only the pixel values themselves are stored, by default, as one or several floating point numbers per pixel, and kept along with the file dimensions. The problem of dealing with the different internal standards is then passed to the application layer, where a number of ''translation tools'' should be provided.
DATABASE DISTRIBUTION, USER INTERFACE, AND SEARCHING
Considering the large number of 3D volume results obtained by the different kinds of microscopes in many areas of biology, we have to allow for a distributed organization of the data. Another decision was the exclusive use of public domain software, since it might be difficult to impose specific products on different organizations.
With these considerations in mind we have chosen WWW protocols to enable transparent data sharing (for a review, see Obraczka et al., 1993) . Using WWW we allow information to be distributed over the whole of Internet yet to be retrieved transparently at any single client site.
Data User Interface Data Base Searching Strategy
The task of selecting that particular piece of information which the user may be interested in, within a database with such diverse type of data as text, images, and volumes, may be rather complex. For the sake of developing this first prototype we have simplified this task by restricting the searching possibilities to the information contained in the text file alone; that is, neither image nor volume information is ''interpreted'' in any way beyond the textual information provided by the authors.
In this prototype SRS (from Sequence Retrieval System, Etzold and Argos, 1993) has been chosen as searching engine. SRS has been especially designed to handle very efficiently the keyed information contained in our data files, allowing links with other databases.
EXAMPLE SESSION
In order to provide the reader with a clear understanding of the actual capabilities of our prototype, we are going to present in the following a possible session of database searching. We assume that the computer that is being used for this task is linked to Internet and that a WWW client has been set up.
The database prototype can be reached just by starting Netscape at the query laboratory and providing it with the address of the so-called ''home page.'' The home page contains the specific directives to create the first ''page'' of the virtual document that is going to be assembled in answer to the query. A suitable address or, more technically, a suitable Universal Resource Locator would be http:// indy.cnb.uam.es/Base, which points to the home page of our prototype.
The result of such a connection is that the home page appears on the screen, as can be observed at the URL http://www.cnb.uam.es/paper/DB/ JSBFig2.gif. The power of this interface in constructing a hypertext interface is evident, mixing images and text in a very informative document that is created dynamically each time the database is accessed.
A number of data navigation options are then possible starting from this home page. As an example, the result of ''clicking'' on the field ''Alphabetic list, from A to M,'' is accessible at the URL http:// www.cnb.uam.es/www/paper/DB/JSBFig3.gif. For each reference encountered in the database either a 2D average, if the structural results only extend to two dimensions, or a 3D surface rendering of the volume is provided as icon image for further references. Access to text pages related to two-and threedimensional information is also visible. Clicking on the title of the structure will bring in a hypertext page describing the accessible two-and threedimensional information. Clicking on any of the icon images will provide access to full-scale images.
The result of clicking on the title corresponding to a 3D data reference can be obtained at the URL http://www.cnb.uam.es/www/paper/DB/JSBFig4.gif. A representative selection of the tilted images from which the full-scale volume was obtained is then shown, together with a surface rendering of the volume. Once a given specimen has been selected, it is now possible either to interactively study the different sections of the volume data or to import the data to the local computer for further study. This import is accomplished via a direct link to the anonymous ftp server located at the collection center where the specific information required by the user was located.
WORK AHEAD
There are a number of specific problems that must be solved before this prototype is fully functional. They involve both conceptual developments and technical decisions. The first ones will ensure the stability of the database beyond particular implementations at any given time, while the latter ones will dictate the actual scope of the database and its general organizational principles.
A first obvious conceptual development is the standardization of the ''language'' used in the textual files; that is, which fields are to be included and how their contents are to be coded. In this respect it should be noted that most fields needed to accommodate symmetry-based operations have not been included. This omission just reflects the authors' particular field of research, and it illustrates very well the point that much definition and standardization effort is still needed. Tools to ''analyze'' the 3D volume information are also needed, although it is evident that such tools must be quite sophisticated due to the complexity of the data. As an example, let us consider the problem of classifying different features in a volume. The procedure of identifying internal boundaries and marking sites is termed segmentation. It is analogous to the tracing of a protein backbone from an electron density map obtained from X-ray crystallography, where the experimental data-the electron density distribution-is ''interpreted'' in terms of the electron densities of the different amino acids. However, an important difference between the two procedures is that the resolution of microscopy data is much lower and that there are no defined structural elements that would take the place of the amino acids and could be used to describe the data. Ultimately, nontextual searching and linking capabilities must be developed with segmentation tools to deal with this type of data.
A much simpler tool is required to efficiently convert the volume data that are now stored in the most simply way as one (or several) floating point number(s) per pixel, into a format that is handled by the local display engine.
On the implementation side, existing tools such as WWW are already suitable for the main design goals of this prototype. Future enhancements of these tools in terms of information sharing and presentation should therefore be easily accommodated. However, the problem of how to efficiently search over distributed keyed files should not be underestimated, since the appropriate tools are not yet there. This situation may become even more complicated should 3D data analysis tools be developed.
Last but not least, practical considerations on database maintenance and distribution policies are essential components of this project. There is a need for extensive international cooperation so that these questions can be solved and a defined and stable framework can be set up that allows the worldwide database project to prosper.
It is essential for the future of this project that further research and general discussions be conducted on the precise organization of information, so that a consensus could be reached on its contents. Flexibility has to be intrinsically provided, since there are many forms of microscopy, and new ones are expected to emerge, such as in recent years scanning tunneling microscopy and atomic force microscopy.
Initiatives are underway in Europe (the ''Biolmage'' proposal, by the laboratories of Drs. Carazo, Stelzer, Engel, Shotton, Fita, and the SGI Research team in Basel) and the United States (mainly through the efforts of Dr. Frank) to obtain government and industrial sponsorship to work on the different aspects of the cooperative project that we have outlined above.
CONCLUSIONS
In this work we have presented the prototype of a database of volume data obtained from different forms of microscopes. Conceptually, the information is organized into two parts, one containing the raw data themselves and the other textual information as well as ''links'' to the raw data. Organizational principles allowing for a data distribution over a number of specialized ''collection centers'' have been devised. Only public domains tools such as WWW, Netscape, and SRS are being used.
This prototype is already operational at the two developing laboratories in Europe and the United States on a trial basis, providing the structural biology community with a test bed where future developments and enhancements may be tested. Furthermore, nothing in the organization of this database precludes its use in other fields of biomedical sciences where large 3D volumes must be shared among different institutions.
